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Mismatch repair: Origin of species?
Paul Sniegowski
Mismatch repair reverses replication errors and inhibits
recombination between diverged sequences. This has
been suggested to be important in speciation, especially
in prokaryotes, but theoretical analysis indicates that
genetic divergence in bacterial populations is not
constrained by naturally occurring recombination levels.
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The origin of species, Darwin’s ‘mystery of mysteries’,
remains a subject of considerable research interest. We
have yet to solve fully the problem of how a continuous
process of evolution produces the discontinuous groupings
of organisms recognized as species [1]. The classic geneti-
cal model for speciation in sexual eukaryotic populations
was proposed by Dobzhansky, Mayr and Muller in the
1930s and 1940s [2–4] (Figure 1) and is based upon the
‘biological species concept’ championed by Mayr. In this
view, species are defined as groups of interbreeding popu-
lations that are reproductively isolated from other such
groups. Barriers to reproduction may be divided into
‘prezygotic’ and ‘postzygotic’ isolating mechanisms, which
inhibit gene flow by preventing mating between members
of different species or by causing hybrid sterility or
inviability. Population genetic theory has shown that even
very low levels of gene flow can be sufficient to swamp
genetic divergence between sexual populations.
Can the biological species concept be extended to
bacteria? That it can has been suggested on the basis of a
considerable amount of recent research showing that most
bacterial populations are not strictly asexual, but instead
undergo recombination in nature at detectable levels [5,6].
On this view, understanding mechanisms of speciation in
bacteria would involve knowing what drives bacterial
population divergence and what prevents recombination
between divergent bacterial genomes in natural popula-
tions. A recent paper by Vulic et al. [7] proposes that the
action of two major pathways of DNA metabolism, the
mismatch repair and SOS systems, may hold the “molecu-
lar keys to speciation” in bacteria, and perhaps even in
eukaryotes as well. 
Components of the methyl-directed mismatch repair
(MMR) pathway bind to and correct mismatched base
pairs shortly after DNA replication, using the transient
hemimethylation of newly replicated DNA as the source of
information about which strand has been newly synthe-
sized [8]. Activity of the MMR system has also been shown
to inhibit recombination between diverged sequences [9].
Three recent papers [7,10,11], including the one by Vulic et
al. [7], have independently shown that this inhibitory
effect on recombination can be modeled as an exponential
function of the amount of divergence between two recom-
bining sequences (Figure 2). Because this relationship
holds true in enterobacteria [7], Bacillus species [10] and
yeast [11], it may well be universal at the DNA level.
The SOS pathway mediates responses to DNA damage in
diverse bacterial species. Although the full details of this
system have yet to be elucidated, one of its major effects
is clear enough: in response to DNA damage, the SOS
system facilitates the bypassing of certain types of DNA
lesion which would otherwise prevent replication [12].
SOS-facilitated bypass-replication is error-prone compared
with normal DNA replication, and hence it introduces
mutations. In addition to its effect on the mutation rate,
the SOS system increases the recombination rate between
diverged bacterial DNA sequences through the
overproduction of RecA, the major protein involved in
mediating recombination [9].
Figure 1
A classical allopatric model of speciation [2–4] involving evolution at
two loci, A and B. A single ancestral population (top) fixed for
genotype A1A1; B1B1 is divided geographically into two
subpopulations. One subpopulation evolves genotype A1A1; B2B2 and
the other evolves genotype A2A2; B1B1. When the populations are
rejoined, epistatic interactions between the A2 and B2 alleles render
the hybrids sterile or inviable, and the populations are free to diverge
evolutionarily as different species (bottom).
A1 A1 B1 B1
A1 A1 B1 B1 A1 A1 B1 B1
A2 A2 B1 B1 A1 A1 B2 B2
A2 A2 B1 B1 A1 A1 B2 B2
Current Biology
Whereas the SOS system clearly is activated in response to
metabolic stress, very recent observations cited by Vulic et
al. [7] suggest that the MMR system is inhibited by stress.
Vulic et al. [7] therefore propose that stress causes rapid
genetic diversification by its combined effects on the rates
of point mutation and intragenomic recombination
(increased through induction of the SOS system), and on
horizontal genetic exchange (increased through inactiva-
tion of the MMR system). When the stressful circum-
stance is over, the SOS system is repressed and MMR is
reactivated, decreasing the rates of mutation, rearrange-
ment and horizontal gene transfer and possibly complet-
ing a speciation event by making permanent the newly
arisen genetic divergence between strains.
The hypothesis of Vulic et al. [7] is intriguing because it
leaps directly from DNA metabolism to speciation, avoid-
ing thorny issues such as the requirement for geographic
isolation and the nature of ‘speciation genes’ postulated to
mediate reproductive isolation, issues that have histori-
cally made the study of eukaryotic speciation contentious
[1]. Indeed, say Vulic et al. [7], “The evolutionary conser-
vation of the key MMR and recombination components
encourages the extension of the ideas discussed to the
eukaryotic world”.
There are some serious problems with this idea, however,
even as it applies to prokaryotes. One is that the effects of
genetic divergence in laboratory crosses cannot be directly
equated to genetic (sexual) isolation between evolving
bacterial populations in nature. At least five steps must be
completed for a successful recombination event to occur
in a natural bacterial population [10]. First, donor DNA
must be taken up by the recipient cell. Second, the DNA
must escape the recipient’s restriction system. Third, the
donor and recipient DNA must form a heteroduplex
intermediate. Fourth, the heteroduplex must escape the
surveillance of the mismatch repair system, which will
abort recombination between divergent sequences. And
fifth, the donor gene product must function successfully in
the recipient genetic background. Although increased
sexual isolation between divergent strains in nature could
be a consequence of any one of these steps, the
hypothesis of Vulic et al. [7] takes only one of them — the
fourth — into account.
A second problem is that rates of recombination measured
in prokaryotes in the laboratory cannot be directly related
to those measured in sexually reproducing eukaryotes. In
the latter, recombination involves a roughly 50:50 swap
between entire genomes and is obligately tied to repro-
duction at every generation. If an experimenter measures
a recombination rate r per generation between two
sequences in the laboratory in a sexual species, then it is a
good bet that a similar rate r applies in nature. In prokary-
otes, however, r must depend in part on the rate at which
opportunities for recombination arise in the natural
setting, and these are necessarily constrained by the
microhabitat distributions of potentially recombining
genomes, the availability of vectors that shuttle DNA
between cells (where necessary) and other such ecological
factors. Indeed, although prokaryotes do have sex, they do
not get around to it very often: recombination rates (per
gene segment per genome per generation) in nature are
estimated at only about 1 × 10–9 for Escherichia coli [13] and
about 5 × 10–8 for Bacillus species [14].
Cohan [14] has analyzed mathematical models of
sequence divergence and sexual isolation in bacteria
under reasonable assumptions about the relative effects of
recombination, mutation, selection and population
structure. The main conclusion from his work is that
naturally occurring levels of recombination are most
probably too low to constrain adaptive divergence of
bacterial populations into niche-adapted ‘species’. Indeed,
Cohan suggests that the biological species concept may
not be appropriate for bacteria. If so, then the hypothesis
of Vulic et al. [7] proposes an answer to a problem that
does not exist: the recombination-suppressing activity of
the MMR system need not be invoked in order to explain
divergence in bacteria, as the recombination rate is already
too low to swamp divergence.
Is there a role for the MMR system in eukaryotic specia-
tion? Hunter et al. [15] have recently demonstrated that
hybrids between the yeast Saccharomyces cerevisiae and its
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Figure 2
The effects of sequence divergence and MMR activity on
recombination in enterobacteria as measured in laboratory
experiments [7]. Red circle, wild-type MMR background; blue triangle,
genetic background in which MMR proteins MutS and MutL are
overexpressed; green square, genetic background deficient in
MutS production.
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closest known relative S. paradoxus, which are typically
inviable, show increased viability if MMR activity is
lacking. These observations are certainly consistent with
the notion that the MMR system creates part of the
genetic barrier between eukaryotic species, as these two
species show approximately 30% sequence divergence. A
key issue, however, is whether the observed MMR effect
is a cause of speciation or merely a consequence. That is,
is the MMR effect on sexual isolation in yeast observable
only because the evolution of reproductive isolation by
other means allowed the S. cerevisiae and S. paradoxus
genomes to diverge extensively in the first place? Theo-
retically, speciation may require divergence in as few as
two genes for reproductive isolation to arise [2–4]
(Figure 1), and many sexual species are diverged by as
little as 2% in their DNA [14] — far below the levels of
divergence at which the MMR is observed to affect
recombination rates significantly (Figure 2). The origin of
species may not be as simple as mismatch repair.
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